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Abstract 

Background: Coactivation of primary motor cortex ipsilateral to a unilateral movement (MlipsHaterai) has been observed, and 
the magnitude of activation is influenced by the contracting muscles. It has been suggested that the microstructural 
integrity of the callosal motor fibers (CIVlFs) connecting Ml regions may reflect the observed response. However, the 
association between the structural connectivity of CMFs and functional changes in MlipsHaterai remains unclear. The purpose 
of this study was to investigate the relationship between functional changes within MlipsHaterai during unilateral arm or leg 
movements and the microstructure of the CMFs connecting both homotopic representations (arm or leg). 

/Wef/jocfe; Transcranial magnetic stimulation was used to assess changes in motor evoked potentials (MEP) in an arm muscle 
during unilateral movements compared to rest in fifteen healthy adults. Functional magnetic resonance imaging was then 
used to identify regions of Ml associated with either arm or leg movements. Diffusion-weighted imaging data was acquired 
to generate CMFs for arm and leg areas using the areas of activation from the functional imaging as seed masks. Individual 
values of regional fractional anisotropy (FA) of arm and leg CMFs was then calculated by examining the overlap between 
CMFs and a standard atlas of corpus callosum. 

Results:Jhe change in the MEP was significantly larger in the arm movement compared to the leg movement. Additionally, 
regression analysis revealed that FA in the arm CMFs was positively correlated with the change in MEP during arm 
movement, whereas a negative correlation was observed during the leg movement. However, there was no significant 
relationship between FA in the leg CMF and the change in MEP during the movements. 

Conc/usions: These findings suggest that individual differences in interhemispheric structural connectivity may be used to 
explain a homologous muscle-dominant effect within MlipsHaterai hand representation during unilateral movement with 
topographical specificity. 
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Introduction 

Primary motor cortex (Ml) is involved in motor execution and 
exerts control over contralateral voluntary movements. However, 
coactivation of Ml ipsilateral to a limb movement (M 1 ip,iiaterai) 
also occurs on the respective homotopic (e.g. right arm movement 
activates right hemisphere arm area) and heterotopic (right arm 
movement activates right hemisphere leg area) representations, 
which are not directly involved in the executed movement [1-3]. 
Transcranial magnetic stimulation (TMS) studies in humans have 
shown that corticomotor excitability of M I ipsilateral is enhanced 



during unilateral movement [4-9]. The current consensus in the 
literature is that the transcallosal pathway between bilateral Mis 
may play an important role in mediating the observed changes in 
Ml ipsilateral excitabUity. This is supported by TMS studies which 
report changes in interhemispheric inhibition from contralateral to 
ipsilateral Ml during unilateral hand movement [10-13]. 

Muscle contraction during a unilateral motor task, especially the 
muscle homologous to the contralateral muscle of upper limb, can 
influence facilitation of M 1 ipsHaterai activity [3,6,13,14]. It has been 
suggested that facilitation of corticospinal excitability in the 
homotopic representations of MlipsHaterai may be modulated by 
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the microstructure of the interhemispheric pathways linking the 
two regions. Nevertheless, there has been little research into the 
relationship between corticospinal excitability of the homotopic 
representation in M 1 ips;i„„.,- j and interhemispheric structural 
connectivity. Activity of M 1 ipsiiat^jai hand representation has been 
shown to be enhanced by unilateral movement conducted not only 
via a homologous muscle, but also via a heterologous muscle 
[3,8,9]. This raises the question of whether facilitation of the 
heterotopic representation is also mediated via interhemispheric 
structural connectivity or is mediated by ipsilateral corticospinal 
pathway [15]. 

The fibers connecting the M 1 regions of the two hemispheres 
are termed callosal motor fibers (CMFs). The CMFs of humans 
have previously been identified using diffusion tensor imaging 
(DTI), a technique used to infer properties of the underlying white 
matter microstructure by quantifying the directionality of diffusion 
within a voxel by the fractional anisotropy (FA) index [16]. This 
measure provides an estimate of the local structural coherence of 
white matter fiber bundles [16-20], and in specific brain pathways 
has frequently been linked to individual differences in performance 
[21—27]. Regional FA has been associated with both interhemi- 
spheric function of bilateral M 1 s and the trans-synaptic excitability 
of corticospinal output neurons [28,29]. Therefore, the structural 
connectivity of the CMFs may also modulate functional changes in 
Ml. 

In the present study, we aimed to investigate the relationship 
between the functional changes within Ml;ps;i.,„.„j during unilat- 
eral movements and the microstructure of the CMFs connecting 
both homotopic representations (arm or leg) in humans. Motor 
evoked potentials (MEPs) were measured using transcranial 
magnetic stimulation (TMS) since this parameter is constant and 
highly sensitive to behavioral settings [2,3,8,12]. The changes of 
MEPs within M 1 ;ps;li^„.Ji^l during unilateral movements compared 
to rest were calculated and correlated with the mean FA values in 
the CMFs. We hypothesized that individual differences in the 
mean level of FA in the CMFs would predict the changes of 
Ml ipsilateral activity induced by contractions of the homologous and 
heterologous muscles. 

Methods 

Participants 

Fifteen right-handed healthy volunteers (eight male) with an 
average age of 24.8 years (SD: 2.48) participated in the study. The 
subjects were recruited from the post-graduate students at 
National Yang-Ming University with similar years of education 
and all of them took part in both TMS and magnetic resonance 
imaging (MRI) experiments on different days with the interval no 
longer than 10 days; the order of TMS and fMRI was 
counterbalanced across participants. All participants gave written 
informed consent. The experimental procedures were approved by 
the Institutional Review Board, Taipei Veterans General Hospital 
as well as National Yang-Ming University and were performed 
according to the ethical standards laid down in the Declaration of 
Helsinki. 

IMS experiment 

Task. Subjects were seated on the examining bed with hip 
flexing at 100°. Pillows were placed below the knees and behind 
the back to support the torso. The participants were required to 
activate 'task' muscles on their right side, the flexor carpi radialis 
(FCR) of the arm and tibialis anterior (TA) of the leg, while 
keeping the 'target' muscle of the left side, the FCR muscle, 
relaxed. The experiment comprised two conditions, rest and 



active. In the rest condition, subjects were instructed to relax and 
fixate a visual target directly in front of them. In the active 
condition, subjects were asked to unilateraUy activate specific task 
muscles by forceful tonic contraction while keeping the target 
muscle on the corresponding side relaxed. The electromyography 
(EMG) activities of the target and task muscles were displayed on 
the screen to give feedback to both the participant and the 
experimenter. The advantage of using the FCR muscle is that 
there are fewer occurrences of mirror movements and more 
reliable responses for TMS [30]. There were two pairs of active 
conditions: 1) right FCR contraction (FCR task) with the left FCR 
relaxed and 2) right TA contraction (TA task) with the left FCR 
relaxed. For the FCR task, the elbow was placed at 90° flexion 
with the forearm and wrist in the neutral position on the pillow. In 
the active condition, subjects flexed the wrist through the full range 
of motion. For the TA task, subjects dorsiflexed their right ankle 
from slight plantarflexion to full dorsiflexion. The two active 
conditions were applied in a randomized order following the rest 
condition. The TMS stimulus was delivered 100 ms after the 
rectified EMG activity reached 75% of maximal EMG activity of 
each muscle for receiving the optimal facilitating effect [31]; a 
minimum 5 s break was given between each contraction. In 
individual traces, background EMG activity on the target muscles 
was analyzed at 40 ms prior to the onset of TMS stimulus. Trials 
in which the activity of the target muscles exceeded a background 
noise level of 25 |iV were excluded from analysis [8]. 

Electromyographic recording. Surface electrodes were 
positioned on the skin cn'erlying both target and task musck's 
with an active lead positioned on the muscle bellies and a reference 
lead 4 cm below the active lead. The ground electrode was placed 
on the left forearm. The sampUng rate of the EMG signals was 
4 kHz and the signals were amplified with filters set at 20 Hz to 
3 kHz and recorded on a computer (Neuropack MEB-9100; 
Nihon Kohden Corp., Tokyo, Japan). 

TMS measurements. During the motor task, single-pulse 
TMS was applied to right Ml using a Magstim 200 magnetic 
stimulator (The Magstim Company Limited, Spring Gardens, 
Whitiand, Carmarthenshire, UK). A figure-of eight coU (70-mm 
coil diameter) was used for stimulating the FCR area. The TMS 
stimulus was directed at the position on Ml which elicited 
maximal MEP response in the left FCR muscle as the MEPs are 
highly reliable in the FCR muscle using the standardized function- 
guided procedure [30]. A swimming cap was used to record the 
position of the coU, allowing re-positioning of the coU throughout 
the experiments. The figure-of eight coil was placed over the FCR 
area of right Ml, with the handle pointing backwards and 45° 
away from the midline. Recruitment curves of MEPs (MEP RCs) 
were measured in the left FCR muscle while the right task muscles 
were at rest, and also during the active conditions (Figure 1). 
Stimulus intensities started at the resting motor threshold (RMT), 
defined as the lowest intensity of TMS output required to evoke 
MEPs of at least 50 [iV in peak-to-peak amplitude in at least three 
of five consecutive trials [32], and then increased gradually from 
1.2 to 1.8 RMT in steps of 0.2. The averaged RMT of tiie left 
FCR was 53.87±6.22% maximal output (range: 42-63%). Since 
only 4 out of 15 subjects could have intensity below 100% 
maximal output at 1 .8 RMT (above the maximal output of the 
machine), MEP amplitudes at this intensity were not included in 
the further comparison. According to a previous report [33-35], a 
mean of five recorded MEPs resulted in good-to-high reliability in 
amplitude measures when a single hotspot technique was applied; 
five MEPs were therefore recorded at each stimulus intensity to 
avoid general fatigue in the participants. Subjects were allowed to 
rest between trials in order to avoid muscle fatigue. A maximal 
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motor response (M-max) was collected by stimulating the median 
nerve (1 ms rectangular pulse) with supramaximal intensity using 
bipolar surface electrodes in order to normalize the individual 
MEP amplitudes. Peak-to-peak amplitudes of MEPs were then 
measured, normalized to the M-max, and averaged off-line. The 
mean ± standard error (SE) was used to present values of MEP 
RCs at both rest and active conditions. The change of MEP at 
each intensity was calculated as the ratio of MEP amplitude 
between active and rest conditions: (active condition/rest condi- 
tion) xlOO (%). 

Imaging acquisition 

All magnetic resonance images were acquired on a Siemens 
Trio 3.0T scanner (MAGNETOM Trio, A Tim System 3T, 
Siemens, Germany) with a 12-channel head coil. Each partici- 
pant's head was immobilized with cushions inside the coil after 
alignment to avoid motion artifacts during scanning. Structural 3D 
Tl -weighted data were acquired using a magnetization-prepared 
rapid-acquisition gradient echo sequence. The imaging parame- 
ters were: repetition time (TR) = 2530 ms, echo time (TE) = 3.03 
ms, flip angle =7°, field of view (TOY) =224x256x192 mm\ 
voxel size =1x1x1 mm'^. For functional magnetic resonance 
imaging (fMRI), blood-oxygen-level dependent images of the 
whole brain were acquired in 40 contiguous axial slices using an 
echo planar imaging pulse sequence with the following parame- 
ters: TR =2000 ms, TE =20 ms, FOV =220x220 mm^ slice 
thickness = 3.4 mm, and flip angle = 90°, interleaved acquisition. 
Subjects performed the same tasks as described in the TMS 
experiment (FCR task and TA task), with the right side limb. A 
cushion was placed under the knees to support the body and 
minimize the translation of movements during the motor tasks. 
Instructions were presented on a video screen. A total of 328 scans 
were acquired while subjects performed two blocks of alternating 
rest and active (16 s per condition and 20 blocks in total). During 
the active block, the fixation cross alternated between red and 
white at a rate of 1 Hz; the subjects were asked to contract the 
muscle once they saw the red cross and to relax the muscle when 
the white cross appeared. 

For the diffusion-weighted imaging data, three acquisitions of 
thirt)'-one diffusion-weighted volumes were obtained for each 
participant, including 30 volumes with diffusion gradients applied 
along 30 independent orientations (b = 900 s/mm^) and 1 volume 
without diffusion weighting (bO). These were averaged in order to 
improve the signal to noise ratio of the data. Each volume 
consisted of 70 continuous axial slices with 2 mm slice thickness 
covering the entire hemisphere and brainstem using a single shot 
spin-echo echo planar imaging (EPI) sequence (TR = 7,900 ms, 
TE = 79 ms, number of excitation = 3, field of view = 256x256 
mm^, matrix size = 128x128). 

fIVlRI data processing 

Off-line fMRI data processing was performed using Statistical 
Parametric Mapping 8 (http://www.fil.ion.ucl.ac.uk/spm). Cor- 
rection of slice timing followed by the reahgnment was applied to 
all volumes. Functional images were co-registered with Tl- 
weighted anatomical scans for each subject prior to spatial 
normalization to the standard Tl -weighted template of the 
Montreal Neurological Institute (MNI, Montreal, QC, Canada). 
Finally, the images were smoothed using an 8-mm fuU-width-at- 
half-maximum (FWHM) Gaussian kernel to reduce the effects of 
noised on the normalized fMRI data. Following spatial normal- 
ization and smoothing, statistical analysis was performed. First 
level mass-univariate analysis primarily modeled the neural 
response during active and rest blocks with two orthogonal 



regressors. These regressors were boxcar functions convolved with 
a canonical hemodynamic response function [36]. Head move- 
ments were modeled as nuisance variables with 6 parameter 

estimates (3 translations and 3 rotations) derived from the 
reahgnment process [37]. The mean head motion in 3D space 
for each brain volume were computed as the root-mean-square of 
the translation parameters (displacement = square root (x^+y^+ 
z^)) and expressed in mm [38]. An F-contrast image of active block 
(p<(}.00l, uncorrected) was obtained in individual subjects. 

Four regions of interests (ROIs) were selected including bilateral 
FCR representations and TA representations. Coordinates for 
each ROI were identified in each hemisphere using peak 
coordinates of task-related activations and confirmed as primary 
motor cortex using known anatomical labeling [xjview toolbox, 
(http://www.alivelearn.net/xjview)]. The coordinates of the left 
FCR representation and that of right FCR representation were (— 
34, -32, 60 mm) and (40, -22, 58), respectively (MNI). The 
coordinates of the left TA representation that of right TA 
representation were (—4, —32, 70) and (4, —30, 66). Here, the 
fMRI data was only used for identifying locations of the seed 
masks for tractography (see the Fiber tracking section). 

Fiber tracking 

FA values were calculated using FMRIB's Diffusion Toolbox 
(FDT, http://www.fmrib.ox.ac.uk/fsl). Diffusion data were cor- 
rected for eddy currents and head motion by using afihne 
registration to a reference volume [39]. Data from the three 
acquisitions was averaged to improve the signal-to-noise ratio. 
Probability distributions on fiber direction were calculated at each 
voxel by using previously described methods [40] . 

The coordinates of the peak activations for each muscle group 
obtained from the fMRI activations were translated into DTI 
space for each subject and used to create seed masks for 
tractography; this combined fMRI and DTI approach has been 
vahdated in the previous studies [28,41,42]. Since the BOLD 
signal is largely limited to the gray matter, we shifted the position 
of the seed masks directiy towards the nearest white matter tract, 
rather than enlarge the masks, in order to maintain the specificity 
of the connections as the seed regions were in close proximity. We 
considered dilating the seed masks; however, the risk with this 
approach was the inclusion of fibers from different motor 
representations distorting the reconstruction of the pathway. 
Therefore, the FCR seed mask was shifted by six voxels medially 
and inferiorly, and the TA seed mask was shifted by two voxels 
laterally (to avoid overlapping ROIs of bilateral TA) and six voxels 
inferiorly. The new coordinates of the left FCR representation and 
that of right FCR representation were (—22, —32, 48 mm) and 
(28, —22, 46), respectively (MNI coordinates); the coordinates of 
the left TA representation that of right TA representation were (— 
8, -32, 58) and (8, -30, 54). The seed masks were 8 mm 
diameter spheres centered on the seed coordinate in order to 
overlap with sufficient white matter fibers to reconstruct the 
pathway. The masks were then used to generate probabilistic 
tractographic paths between the left and right hemisphere regions 
for FCR and TA representations [43,44]. The probabilistic maps 
were thresholded to include only those voxels which had at least 
10% of total samples passing through them in order to ensure only 
connecting fibers were included. Finally, a MNI atlas mask of the 
corpus callosum was transformed to standard space and 
overlapped with the tractography paths for both muscle repre- 
sentations (Figure 2). The mean value of FA was calculated for 
each participant based on the area where the tracked fibers passed 
through the mask. 
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Figure 1. Recruitment curves in the left flexor carpi radialis (FCR). (A) The averaged MEPs recorded from a representative subject. (B) Group 
data (n = 1 5) during performance of different motor tasks with right side limbs. The abscissa shows Intensity of transcranial magnetic stimulus (TMS) 
expressed relative to the resting motor threshold (RMT) In each subject. The ordinate shows MEP amplitudes as a percentage of the left FCR M-max. 
Group data are presented as the mean ± standard error. Arrows Indicate delivery times of TMS. TA: tibialis anterior; R: right; L: left. 
dol:1 0.1 371 /journal.pone.01 0421 S.gOOl 



Statistical analysis 

We analyzed the data using the statistical package SPSS (version 
17.0 for Windows, Chicago, IL). Two-way repeated-measures 



ANOVA following by a post hoc contrast test was used to 
determine the effect of CONDITION (rest, FCR task, and TA 
task) and stimulus INTENSITY (1.0, 1.2, 1.4, and 1.6 times the 
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Figure 2. Overlap images for the tracl<ed fibers of hand (A) and leg (B) areas for all subjects superimposed on the Montreal 
Neurological Institute 1 52 T1 brain in FSL. The fibers associated with the hand representations are shown in red; the fibers associated with the 
leg representations are shown in blue. The colour bars indicate the degree of overlap across subjects for each pathway. The sagittal coordinates (Y) 
are given in standard space (mm) and the image is displayed in the radiological convention. 
doi:1 0.1 371 /journal.pone.01 0421 8.g002 



RMT) on MEP RCs and on background EMG activity to examine 
the increase of Ml;psii;j,,.ji^i activity in the tasks. To investigate the 
relationship between the mean FA values in the CMFs and the 
change in MEPs recorded from the left target muscle during the 



active conditions, stepwise linear regression analysis was employed 
for the FOR CMFs and TA CMFs separately with the same 
parameters, the change in MEPs during FCR task and TA task 
recorded from the left FCR. Age and sex were included as 
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covariates of no interest in the regression analysis. Statistical 
significance was set at p<0.05. Since the two interhemispheric 
white matter pathways for FCR and TA CMFs occupy 
neighbouring anatomical areas, we performed a Pearson correla- 
tion coefficient analysis of the mean FA values of both FCR and 
TA CMFs to check whether the FA values in the two tracts were 
statistically different. Finally, since head motion can be a potential 
confound in task-based functional MRI studies, we compared the 
mean head motion during the FCR and TA fMRI tasks using a 
paired-Z test. 

Results 

Effect of the unilateral movement on Mlipsnaterai activity 

Results showed that there was an effect of INTENSITY (Fj 19 qo 

= 36.64; p<0.001), and CONDITION (Fj, 28 = 22.18; j^<0.boi), 
and dieir interaction CONDITION x INTENSITY (F2.30, 32.29 

= 3.51; p = 0.036) on MEP RCs of the left FCR (Figure IB). A post 
hoc contrast test showed that MEP amplitudes at 1.2 times (p< 
0.001), 1.4 times (p<0.004), and 1.6 times (p<0.003) RMT were 
greater than that at 1.0 times RMT. Additionally, the post hoc 
contrast test revealed a significant increase in MEP amplitude in the 
FCR task (p<0.00l) and TA task (J) = 0.016) compared widi the rest 
condition on the left FCR. Furthermore, the post hoc test 
demonstrated a significant increase in the FCR task compared with 
the TA task on die left FCR (p<0.00l; Figure IB). 

There were no significant main effect of INTENSITY (Fi 52, 27.71 

= 1.84; ^ = 0.65), and CONDITION (Fi.oe, i4.85= 1.41; ^ = 6.26), 
and their interaction CONDITION x INTENSITY (F2.47, 34.58 

= 2.16; ^ = 0.12) on background EMG activity of the left FCR 
muscle. 

Regression analyses of the facilitatory ratios in MlipsHaterai 
representation and the callosal motor fibers FA values 

The linear regression analysis revealed a significant positive 
correlation between FA in the FCR CMFs and the change of MEP 
at 1.6 RMT recorded during the FCR task (r = 0.71; j& = 0.009), 
whereas a negative correlation was observed at 1.6 RMT during 
the TA task (r= -0.66; ^ = 0.019) (Figure 3). However, the 
changes of MEP at the other intensities were not significandy 
correlated with the mean FA values of FCR CMFs, and were 
therefore removed from the regression model. Additionally, we 
detected no significant relationship between FA in the TA callosal 
motor fibers and the changes of MEPs in left FCR. 

There was no significant correlation between the mean values of 
FCR and TA CMFs (t(14) 1.671; p^0A2), indicating diat 
there was unlikely to be any significant overlap between the 
pathways in the tractography reconstruction. Furthermore, mean 
head motion during the fMRI acquisition was not significandy 
difierent for the FCR (0.38±0.11 mm) and TA tasks 
(0.38±0.15 mm) across subjects (t(14) = -0.013; ^>0.99), sug- 
gesting that there was no significant difference in head motion 
during the two localization tasks. 

Discussion 

In this study we report a significant association between an 
index of white matter microstructure (FA) and functional change 
(facilitation of corticospinal excitability) in Mljpsiiaterai when 
performing a unilateral motor task. These results reveal that 
facilitation of the homotopic representation in Mlipsaaterai is 
associated with microstructure in the relevant CMFs during a 
hand movement, and that FA in the FCR CMFs is associated with 
reduced facilitation on homotopic Mlipsii^t^rai representation in leg 



movements performed by the heterologous muscle. Furthermore, 
the data also suggest that functional changes in the homotopic 
Mlipsiiatrrai representation may be modulated via representation- 
specific CMFs. 

It has been well documented that corticospinal excitability in a 
rest muscle of the upper limb can be enhanced by m<)\ ement of a 
homologous muscle on the opposite side [3,6,13,14]. We show for 
the first time that individuals with higher FA values in the fibers 
connecting FCR regions (and likely denser hand CMFs) had 
greater facilitation in Mljpsiiaterai during unilateral movement with 
homologous muscle. In addition, as a negative correlation was 
found between FA values and the changes of MEPs in FCR 
representation in the leg movement, this may reflect a homologous 
muscle-dominant effect on facilitation of Mljpsjiaterai reported from 
previous findings [6,9,13]. 

The biological basis of the FA measurement is still not entirely 
understood. It has been shown that this measure can be influenced 
by the degree of myelination, axon size, and axon density [16-18]. 
Light- and electron-microscopic analysis of the fiber composition 
in the human corpus callosum has demonstrated regional 
differences, with larger-diameter, myelinated and less densely 
packed fibers concentrated in the posterior mid-body of the corpus 
caUosum [45], which is the CMF region in humans [28,46,47]. 
This regional differentiation of fiber types and densities is reflected 
in regional differences in FA, with higher values in areas where the 
fibers are more densely arranged [47] . It is generally thought that 
FA in the mid-body of the corpus caUosum may primarily reflect 
fiber density rather than the degree of myelination or axon 
diameter. Therefore, the association we observed between FA and 
the change of MEPs in ipsUateral Ml during unilateral movement 
suggests that more densely packed CMFs could result in a more 
effective influence on Mljpsiiaterai activation. 

The present finding provides another TMS parameter relevant 
to the microstructure of bilateral Mis, as interhemispheric 
inhibition has also been reported as a sensitive marker of 
microstructural connectivity [28]; it is also in line with previous 
work, where facilitation of Mlipsiii,te„i during unilateral move- 
ments was associated with the change in interhemispheric 
inhibition from contralateral Ml to ipsUateral Ml [3,12]. 

These results are pertinent to the notion that the functional 
changes due to homologous muscle-dominant effects may be 
modulated via transcallosal pathways. Further, either the facilita- 
tory effect or the suppression effect on M 1 ip^ijatcrai is modulated via 
the representation-specific CMFs, with the higher indices of CMF 
microstructural properties, the stronger the suppressed/ facilitatory 
effect. 

These data also suggest an interesting possibihty: there appears 
to be no general path for contralateral Ml to modulate the 
activation of Mlipsiia,erai. Instead, the modulation from contralat- 
eral Ml to ipsUateral Ml appears to rely on the connection with 
the targeting muscle itself This is compatible with the previous 
finding that the relationship between FA and interhemispheric 
inhibition was also topographically specific [28]. 

In this study we only detected significant modulation of 
interhemispheric connectivity on corticospinal excitability in 
Mlipsiiaterai during unilateral movement using a high stimulus 
intensity. The intensity effect has also been observed in a previous 
study where a positive association 1)rtween FA of the hand CMFs 
and the magnitude of interhemispheric inhibition was reported, 
but only when intensities of the conditioning pulse were 130% 
RMT or above [28]. Since the relationship between the 
connectivity of white matter fibers and the neurophysiology of 
MEP is not fully understood, this may explain the current 
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Figure 3. Linkage of callosal motor fibers (CiVIFs) witli functional cKianges in iVIl rpsriaterai representation during unilateral movement. 

The fractional anisotropy (FA) of the FCR CMFs is associated with the change of MEP at 1.6 times RMT in (A) right wrist flexion and in (B) right ankle 
dorsiflexion. 

doi:1 0.1 371 /journal.pone.01 0421 8.g003 



PLOS ONE I www.plosone.org 



7 



August 2014 | Volume 9 | Issue 8 | e104218 



Interhemispheric Microstructure and Unilateral Movements 



discrepancy in results regarding tlie relationship between TMS 
paradigms and wliite matter microstructure [29,48] . 

Although these data suggest a modulatory relationship between 
white matter in CMFs and function changes in M 1 ;psii;,t, raij there 
are still some limitations to the current study. Since the 
coordinates of the seed masks had to be slightly adjusted with 
respect to the activations found in the fMRI task, it may be 
possible that some white matter fibers in FCR and TA 
representations were not included in the analysis, and the 
relationship between CMFs and the changes of MEPs in 
Mlipsiiaicrai could therefore be diluted. However, by using a 
combined fVIRI and DTI probabilistic tractography approach, we 
functionally located the seek masks closer to actual functional 
motor area and included only those tracks whose fibers connected 
both homotopic representations and passed through corpus 
callosum [28,41,42]. In addition, we did not find any significant 
correlation between the arm and leg CMFs, indicating that these 
pathways were unlikely to have overlapped. 

The present study provides evidence to link white matter 
microstructure in the corpus callosum and functional changes in 

References 

1 . Stippich C, Blatow M, Durst A, Dreyhaupt J, Sartor K (2007) Global activation 
of primary motor cortex during voluntary movements in man. Neuroimagc 34: 
1227-1237. 

2. Chiou SY, Wang RY, Liao KK, Yang YR (2013) Homologous muscle 
contraction during unilateral movement does not show a dominant effect on leg 
representation ol the ipsilateral primary motor cortex. PLoS One 8: e72231. 

3. Chiou SY, Wang RY, Liao KK, Wu YT, Lu CF, et al. (2013) Co-activation of 
primary motor cortex ipsilateral to muscles contracting in a unilateral motor 
task. Clin Neurophysiol 124: 1353-1363. 

4. Hess CW, Hunziker T, Kupfer A, Ludin HP (1986) Thalidomide-induced 
peripheral neuropathy. A prospective clinical, neurophysiological and pharma- 
cogenetic evaluation. J Neurol 233: 83-89. 

5. Meyer BU, Roricht S, Grafin von Einsiedel H, Kruggel F, Weindl A (1995) 
Inhibitory and exeitator\' interhemispheric transf(:rs between motor cortical 
areas in normal humans and patients with abnormalities of the corpus callosum. 
Brain 118: 429 140. 

6. Stedman A, Da\'ey NJ, Ellaway PH (1998) Facilitation of human first dorsal 
interosseous muscle responses lo transcranial magnetic slimiilalion during 
voluntary contraction of the contralateral homonymous muscle. Muscle Nerve 
21: 1033-1039. 

7. Tinazzi M, Zanette G (1998) Modulation of ipsilateral motor cortex in man 
during unimanual finger movements of different complexities. Neurosci Lett 
244: 121-124. 

8. Muellbacher W, Facchini S, Boroojerdi B, Hallett M (2000) Changes in motor 
cortex excitability during ipsilateral hand muscle activation in humans. Clin 
Neurophysiol 111: 344-349. 

9. Hortobagyi T, Taylor JL, Petersen NT, Russell G, Gande\ ia .SC 1 ( 2003) Changes 
in segmental and motor cortical output with contralateral muscle contractions 
and altered sensory inputs in humans. J Neurophysiol 90: 2451-2459. 

10. Chen R (2004) Interactions between inhibitory and excitatory circuits in the 
human motor cortex. Exp Brain Res 154: 1—10. 

11. Harris-Love ML, Perez MA, Chen R, Cohen LG (2007) Interhemispheric 
inhibition in distal and proximal arm representations in the primary motor 
cortex. J Neurophysiol 97: 2511-2515. 

12. Perez MA, Cohen LG (2008) Mechanisms underlying functional changes in the 
primary motor cortex ipsilateral to an active hand. J Neurosci 28: 5631-5640. 

13. Hortobag\'i T, Richardson SP, Lomare\' M, Shamim E, Mcunier S, et al. (2011) 
Interhemispheric plasticity in humans. .\lcd Sci Sports Excrc 43; 1188-1199. 

14. Stincar CM, Walker KS, Byblow WD (2001) Symmetric facilitation between 
motor cortices during contraction of ipsilateral hand muscles. Exp Brain Res 
139: 101-105. 

15. Carson RG ;2005) Neural pathways mediating bilateral interactions between the 
upper limbs. Brain Res Brain Res Rev 49: 641—662. 

16. Beaulieu C (2002) The basis of anisotiopic water dilfusion in the nervous system 
- a technical review. NMR Biomed 15: 435-455. 

17. Moseley ME, Cohen Y, Mintorovitch J, Ghileuitt L, Shimizu H, et al. (1990) 
Early detection of regional cerebral ischemia in cats: comparison of dilfusion- 
and T2-weighted MRI and spectroscopy. Magn Reson Med 14: 330-346. 

18. Le Bihan D (2003) Looking into the functional architecture of the brain with 
diffusion MRI. Nat Rev Neurosci 4: 469-480. 

19. Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, et al. (2001; Diffusion 
tensor imaging: concepts and applications. J Magn Reson Imaging 13: 534—546. 



Ml and suggests that interhemispheric structural connectivity may 
modulate other task-dependent adaptations in Ml ipsilateral to an 
active muscle. Furthermore, the association between structural 

connectivity and functional changes in motor cortices may yield 
opportunities for the development of therapeutic interventions, 
such as tDCS, to improve impaired motor function by modulating 
interhemipsheric activity. Further it may pave the way for 
improved prognostic indicators to assess extent of dysfunction 
and recovery. 

Acknowledgments 

We wish to thank our volunteers for their participation. 

Author Contributions 

Conceived and designed the experiments: SYC R\'\V YRY. Pcrlonned the 
experiments: SYC CFL. Analyzed the data: SYC RER. Contributed 
reagents/materials/analysis tools: YRY RYW YTW KKL. Contributed to 
the writing of the manuscript: SYC RER YRY. 



20. Pfefferbaum A, Adalsteinsson E, Sullivan EV (2003) Replicability of diffusion 
tensor imaging measurements of fractional anisotropy and trace in brain. 
J Magn Reson Imaging 18: 427-433. 

21. Madden DJ, Whitmg WL, Hucttel SA, White LE, .MacFall JR, et al. (2004) 
Diffusion tensor imaging of adult age differences in cerebral white matter: 
relation to response time. Neuroimage 21: 1174-1181. 

22. Deutsch GK, Dougherty RF, Bammer R, Siok WT, GabrieU JD, et al. (2005) 
Children's reading performance is correlated with white matter structure 
measured by diffusion tensor imaging. Cortex 41: 354—363. 

23. Schulte T, Sullivan EV, Muller-Oehring EM, Adalsteinsson E, Pfefferbaum A 
(2005) Corpus callosal microstructural integrity influences interhemispheric 
processing: a diffusion tensor imaging study. Cereb Cortex 15: 1384-1392. 

24. Tuch DS, Salat DH, Wisco JJ, Zaleta AK, Hevclonc ND, ct al. (2005) Choice 
reaction time performance correlates with diffusion anisotropy in \vhite matter 
pathways supporting visuospatial attention. Proc Nati Acad Sci USA 102: 
12212-12217. 

25. Wolbers T, SchoeU ED, Verleger R, Kraft S, McNamara A, et al. (2006) 
Changes in connectivity profiles as a mechanism for strategic control over 
interfering subliminal information. Cereb Cortex 16: 857—864. 

26. Johanscn-Bcrg H, Della-Maggiorc V, Behrens TE, Smitii SM, Paus T (2007) 
Integrity of white matter in the corpus callosum correlates with bimanual co- 
ordination skills. Neuroimagc 36 Suppl 2: T16— 21. 

27. Roberts RE. .\iidcrson 1)J, lliisain .\1 (2013) White matter microstructure and 
cogniti\'e function. Neurosciciitist 19: 8-15. 

28. Wahl M, Lauterbach-Soon B, Hattingen E, Jung P, Singer O, ct al. (2007) 
Human motor corpus callosum: topography, somatotopy, and link between 
microstructure and function. J Neurosci 27: 12132—12138. 

29. Kloppel S, Baumer T, Kroeger J, Koch MA, Buchel G, et al. (2008) The cortical 
motor threshold reflects microstiuctural properties of cerebral white matter. 
Neuroimage 40: 1782-7991. 

30. Malcolm MP, Triggs WJ, Light KE, Shechtman O, Khandekar G, et al. (2006) 
Reliability of motor cortex transcranial magnetic stimulation in four mustJe 
representations. Clin Neurophysiol 117: 1037-1046. 

31. Tazoe T, Endoh T, Nakajima T, Sakamoto M, Komiyama F (2007) 
Disinhibition of upper limb motor area by voluntary contraction of the lower 
limb muscle. Exp Brain Res 177: 419^30. 

32. Rossini PM, Barker AT, Berardelli A, Caramia MD, Caruso G, et al. (1994) 
Non-invasive electrical and magnetic stimulation of the brain, spinal cord and 
roots: basic principles and procedures for routine clinical application. Report of 
an IFCN committee. Elcctroencephalogr Clin Neurophysiol 91: 79—92. 

33. Kamen G (2004) Reliability of motor-evoked potentials during resting and active 
contraction conditions. Med Sci Sports IL.vcrr 30: 1574-1579. 

34. Christie A, Fling B, Crews RT. MuK^ilz Kaincn G (2007) Reliability of 
motor-evoked potentials in the ADM muscle of (jlder adults. J Neurosci Methods 
164: 320-324. 

35. Doeltgen SH, Ridding MC, O'Beirne GA, Dalrymple-Alford J, Huckabee ML 
(2009) Test-retest reliability of motor evoked potentials (MEPs) at the submental 
muscle group during volitional swallowing. J Neurosci Methods 178: 134—137. 

36. Kiebel S, Holmes A (2003) The general linear model. In: Frackowiak RS, 
Friston K, Frith CD, Dolan RJ, Price CJ, Zeki S, Ashbumer J, Penny W, editors. 
Human brain function, 2nd edition. San Diego: Elsevier Academic Press. 
pp.72.5-761. 

37. Debaere F, Wenderoth N, Sunaert S, Van Hecke P, Swinnen SP (2003) Internal 
vs external generation of movements: differential neural pathways involved in 



PLOS ONE I www.plosone.org 



8 



August 2014 I Volume 9 | Issue 8 | e104218 



Interhemispheric Microstructure and Unilateral Movements 



bimanual coordination pcrformrd in the presence or absence of augmented 
visual feedback. Neuroimage 19: 764—776. 

38. Van Dijk KR, Sabuncu MR, Buckner RL (2012) The influence of head motion 
on intrinsic functional cormectivity MRI. Neuroimage 59: 431-4^38. 

39. Jenkinson M, Smith S (2001) A global optimisation method for robust affine 
registration of brain images. Med Image Anal 5: 143-156. 

40. Behrens TE, WooHch MW, Jenkinson M, Jahansen-Berg H, Nunes RG, et al. 
(2003) Characterization and propagation of uncertainty in diffusion-weighted 
MR imaging. Magn Rcson Med 50: 1077-1088. 

41. Oguri T, Sawamoto N, Tabu H, Uravama 8, Matsuhashi M, ct al. (2013) 
Overlapping connections within the motor rortico-ba.sal ganglia circuit: IMRT 
tractography analysis. Neuroimage 78: 353-362. 

42. Thomalla G, Jonas M, Baumer T, Siebner HR, Biermann-Ruben K, et al. 
(2014) Costs of control: decreased motor cortex engagement during a Go/NoGo 
task in Tourette's syndrome. Brain 137: 122—136. 



43. Behrens TE, Johansen-Berg H, Woolrich MW, Smith SM, Wheeler-Kingshott 
CA, et al. (2003) Non-invasive mapping of connections between human 
thalamus and cortex using diffusion imaging. Nat Neurosci 6: 750-757. 

44. Behrens TE, Berg HJ, Jbabdi S, Rushworth MF, WooHch MW (2007) 
Probabilistic diffusion tractography with multiple fibre orientations: What can 
we gain? Neuroimage 34: 144—155. 

45. Aboitiz F, Scheibel AB, Fisher RS. Zaidel E fl992) Fiber composition of the 
human corpus callosum. Brain Res j9H\ 1 13 

46. Hofer S, FrahmJ (2006) l opography of the human corpus callosum revisited— 
comprehensi\'e liber tractography using diffusion tensor magnetic resonance 
imaging. Neuroimage 32: 989—994. 

47. Zarei M, Johansen-Berg H, Smith S, Ciccarelli O, Thompson AJ, et al. (2006) 
Functional anatomy of interhemispheric cortical connections in the human 
brain. J. Anat 209: 311-320. 

48. Rubers A, Klein JC, Kang JS, Hilker R, Ziemann U (2012) The relationship 
between TMS measures of functional properties and DTI measures of 
microstructure of the corticospinal tract. Brain stimul 5: 297—304. 



PLOS ONE I www.plosone.org 



9 



August 2014 I Volume 9 | Issue 8 | e104218 



